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ABSTRACT 

The films of BaTi03 and (Ba-Sr) Ti03 were prepared /310*** 

with two types of evaporating methods. Several kinds of 

materials were used as substrates and their temperatures 

ranged from 200° C. 

temperatures in air or 02. 

The films were baked at various 

The crystallization was 

investigated bymmeans of X-ray diffraction and electro- 

microscope. For the case of platinum substrate, the 

crystallization was not appreciable for the substrate 

temperatures and also baking temperature up to 400' C; 

thereabove, the crystalline size increased with the rise 

of temperature. The films, as they were evaporated, had 

low specific resistance and low dielectric constant and 

baking them brought about an increase in these two 

values. 

12000 C, had a dielectric constant about 1500 at room 

A (Bao-95 Sr0-05) Ti03 film, thus baked at 

temperature, and dielectric anomalies were observed at , 
the temperatures 100, 0, and -8OO C. 

* Presented at the Joint Gen'l Meeting of Applied Physics, March 31, 1962. 
** Electrical Communication Laboratory, Nippon Telegraph and Telephone 

Public Corporation, Musashino, Tokyo. 

*** Note: Numbers in the margin indicate pagination in the original 
foreign text. 



1. I n t r o d u c t i o n  

Research on f e r r o e l e c t r i c  t h i n  f i lms w a s  i n i t i a t e d  i n  1955 w i t h  t h e  

experimental  s tudy  of evaporated BaTi03 f i l m s  by Feldman (Ref. 1). Since 

t h a t  t i m e ,  experiments by Moll (Ref. 2) ,  Lure (Ref. 3 ) ,  and o t h e r s  (Ref.4 

and Ref. 5) have been r epor t ed .  Due t o  t h e  need f o r  m i n i a t u r i z a t i o n  of 

p a r t s  w i th  t h e  advance of e l e c t r o n i c s ,  f e r r o e l e c t r i c  t h i n  f i l m s  are 

expected t o  have p o s s i b i l i t i e s  as nonl inear  e lements ,  memory elements,  

condenser materials, etc. Films evaporated i n  a vacuum f o r  t h e s e  purposes 

have many advantages,  i . e . ,  they are ve ry  t h i n ,  homogeneous, etc.  The 

evaporat ion mechanism and t h e  r e c r y s t a l l i z a t i o n  p rocess  of compound oxides  

are of i n t e r e s t  i n  p h y s i c a l  terms. They have been i n v e s t i g a t e d  experi-  

men ta l ly  a t  some u n i v e r s i t y  l a b o r a t o r i e s  (Ref. 6 ,  Ref. 7, Ref. 8) i n  ou r  

coun t ry ,  because of t h e  i n t e r e s t  i n  t h e  r e l a t i o n s h i p  wi th  a c r y s t a l l i n e  

s u r f a c e  l a y e r  of BaTi03. 

have been ob ta ined ,  however. I n  a d d i t i o n ,  t h e  phenomena are complicated 

Up t o  t h e  p r e s e n t ,  few experimental  r e s u l t s  

and show d i f f e r e n t  tendencies  i n  d i f f e r e n t  cases. Hence t h e r e  i s  no 

e s t a b l i s h e d  theo ry  f o r  t h e i r  s t r u c t u r e  and p r o p e r t i e s  as y e t .  

The s i n g l e  c r y s t a l  and ceramic made of BaTi03 have been widely 

i n v e s t i g a t e d  i n  d e t a i l  f o r  t h e  c r y s t a l l i n e  s t r u c t u r e ,  e lectr ical  p r o p e r t i e s ,  

etc.  It i s ,  t h e r e f o r e ,  reasonable  t o  choose t h i s  material as t h e  

evaporated f i l m  of f e r r o e l e c t r i c  m a t e r i a l .  A s  a fundamental experiment 

w i th  evaporated f i l m s  using X-rays, w e  have observed t h e  manner i n  

which t h e  evapora t ion  cond i t ions  and t h e  t r ea tmen t  a f t e r  evapora t ion  

a f f e c t  t h e  formation of t h e  BaTi03 t h i n  f i l m .  

r e s i s t a n c e  and d i e l e c t r i c  cons t an t .  

We a l s o  measured i t s  

I n  a d d i t i o n ,  w e  have considered some 

problem areas t o  be t r e a t e d  i n  t h e  f u t u r e .  
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Figure 1 
Cubic Perovskite-type Structure of BaTi03. 

For convenience in explaining the properties of evaporated BaTi03 

BaTi03 has films, the BaTi03 crystal is explained briefly as follows: 

a structure of the perovskite type as shown in Figure 1. 

dependence of its lattice parameters is shown in Figure 2. 

The temperature 
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Figure 2 

Lattice Parameters of BaTi03 as a Function of 
Temperature (After Kay and Vousden [Ref. 151). 

There are three transformation points: 

Above this temperature, the crystal has a cubic phase. 

and the second transformation point, OOC, it has tetragonal phase, with 

c/a = 1.01 at room temperature. 

point, -8OoC, it has orthorhombic phase. 

phase is rhombohedral. 

the first one lies at 120OC. 

Between 12OOC 

Between OOC and the third transformation 

Below the third point, the /311 

The point 120OC is the Curie point, below which 
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spontaneous polarization is set up along the c-axis, and ferroelectricity 

appears. The temperature dependence of the dielectric constant (E)  of 

single crystals is shown in Figure 3. 
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Figure 3 

Dielectric Constant of BaTiO3 Single Crystals. 
(After Merz [Ref. 161). 

Since BaTi03 ceramic is composed of randomly-aligned fine single crystal- 

lites, all properties are averaged ones. It is known that slight differences 

in composition, impurities, baking conditions, etc. affect its properties 

considerably. For the solid solution (Ba*Sr)Ti03, in which Ba is replaced 

by Sr, the Curie point shifts to a lower temperature as the doping amount 

of Sr increases. The phase equilibrium diagram of the BaO-Ti02 system is 

shown in Figure 4 .  

2. Experimental Conditions 

2.1 Evaporation Apparatus 

The experimental apparatus for evaporation is shown briefly in 

Figure 5. 

diameter, containing a tungsten heater (W) as the evaporation source, a 

substrate supporter and a heater, a funnel for BaTi03 powder, its vibrator, 

The equipment consisted of a metallic bell jar of 40 cm in 
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Figure 4 

Phase Equilibrium Diagram of the BaO-Ti02 System 
(After Rose and Roy [Ref. 171). 

a belt, a shutter, etc. The powder is dropped onto the belt by vibrating 

the plate attached under the funnel electromagnetically. The belt is 

driven by a motor outside the bell jar. The amount of material supplied 

to the evaporation heater is controlled by changing the speed of revolu- 

tion of the belt and the frequency of the vibrator. The vacuum pressure 

attained by this apparatus is 1 - 2 ~ l O - ~  mmHg. 

We used the following two evaporation methods: 

(A) The powder is placed on the boat-shaped tungsten heater and 

evaporation is performed by heating it gradually. 

as Method A.) 

(This is designated 

(B)  A small amount of the powder is dropped on to the pre-heated 

tungsten heater and evaporated almost instantly. 

as Method B.) 

(This is designated 

The heater temperature was set at 2,000° - 2,2OO0C. Two steps were 

involved: in the beginning, the time required to attain 2,OOOOC was 
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Figure 5 
Experimental Apparatus for Evaporation. 

about 20 seconds in Method A. Afterwards, it was shortened by im- /312 

proving the heating power source, and we were able to heat to 2,200°C in 

about 5 seconds. The samples for the following X-ray analysis experiments 

were obtained by heating to 2,OOOOC in 20 seconds. 

other experiments were obtained by heating to 2,200°C in 5 seconds. 

2.2 Materials 

The samples for the 

For evaporation materials, we used powdered BaTi03 in single- 

crystal form, obtained by the Remeika method (K. F. method), and we also 

used 

Sr. 

2.3 Substrate Material and Temperature 

(Ba*Sr)Ti03 solid solution ceramic powder, which contained 2 - 20% 

For substrate material, we used platinum plate, glass plate, quartz 

glass plate, mica, alumina ceramic, nickel plate, etc. Before it was 

used, the platinum plate was treated with concentrated hydrochloric acid 

and heat-treated with a gas-burner. We used glass substrates and quartz 
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g l a s s  s u b s t r a t e s ,  a f t e r  dipping them i n  a concentrated mix tu re  of chr0mi.c 

and s u l p h u r i c  a c i d ,  washing them repeatedly i n  w a t e r ,  and t h e n  i n  a l c o h o l .  

The s u b s t r a t e  temperature  ranged from 200° t o  1,2000 C .  The baking 

temperature  a f t e r  evaporat ion w a s  2000 C - 1,200° C ,  and d u r a t i o n  of 

baking w a s  30 minutes - 4 hours .  

3 .  Experimental R e s u l t s  

Observations and measurements were c a r r i e d  ou t  as fo l lows .  We 

observed t h e  macroscopic s t r u c t u r e  of t h e  obtained f i lms,and t h e  e f f e c t  

of s u b s t r a t e  materials and baking temperature on t h e  p rocess  of c r y s t a l l i -  

z a t i o n ,  o p t i c a l l y  and w i t h  an X-ray technique. I n  each procedure,  e l e c t r i c  

r e s i s t a n c e ,  o p t i c a l  d e n s i t y ,  and d i e l e c t r i c  cons t an t  of t h e  sample w e r e  

a l s o  measured. 

Upon observing t h e  appearance during evapora t ion ,  w e  found t h a t  i n  

method A 

h e a t e r  s u r f a c e ,  and then  evaporated g radua l ly  as t h e  temperature  of t h e  

t u n g s t e n  h e a t e r  i nc reased  g radua l ly .  

t h e  powder d i s so lved  a t  1,600° -1,700° C ,  spread over t h e  

I n  method B ,  when t h e  powder was dropped on t h e  preheated h e a t e r ,  it 

w a s  observed t h a t  f i n e  p a r t i c l e s  evaporated i n s t a n t l y ,  b u t  a drop of 

p a r t i c l e s  i n  a group d i d  so  i n  a similar manner t o  method A ,  b u t  no t  

i n s t a n t l y .  A p a r t  of t h e  powder was e j e c t e d  i n  t h e  form of c l u s t e r s ,  

b u t  i t s  e f f e c t  on t h e  s u b s t r a t e  w a s  considered t o  be small ,  s i n c e  t h e  

d i s t a n c e  between t h e  h e a t e r  and t h e  s u b s t r a t e  w a s  more than  10 cm. A f t e r  

evapora t ion ,  w e  sometimes found a black-gray r e s i d u e  on t h e  tungs t en  

h e a t e r .  

o r  a product  r e s u l t i n g  from r e a c t i o n  w i t h  tungs t en .  

This was assumed t o  be t h e  reduced BaTi03 which w a s  no t  evaporated,  
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The thickness of the evaporated film was calculated by weighing the 

evaporated amount on the platinum plate. 

plates, we measured the thickness by using an interferometer. 

of BaTi03 ceramic is different for different baking conditions. 

about 5.5 for one baked at 1,300° C .  For evaporated films, there was 

good agreement between thethickness determined by weighing the amount 

of evaporated substance and the thickness determined optically, if we 

set the density equal to 5.1. 

ranges from 1 u to 3 1-1. 

3.1 External Appearance 

For glass and quartz glass 

The density 

It is 

The film thickness in this experiment 

The conditions of evaporation for both methods A and B are as follows: 

Platinum, glass and quartz glass are used as substrates. The substrate 

temperatures are 2000, 3000, 4000 and 500° C. Baking after evaporation 

was performed in air at 2000, 300°, 5000, 600°, 700°, 8000, 1,0000, and 

1,2000 C. It should be noted 

here that we increased the baking temperature of one sample after 

observing it under a microscope. 

Duration of baking was about 30 minutes. 

Immediately after the films were exposed to air after evaporation, 

they were transparent in both methods (A, B), although the degree of 

coloring differed in the two methods. 

with its thickness. The external appearance of the films is shown in 

Table 1. 

dark, and are seen to have an uneven surface. In method By however, such 

a time variation is not found. 

is assumed to be the following: 

resolved into BaO and Ti02 and evaporated. 

The color of the film varied slightly 

As time goes on, most of the films obtained by method A become 

The cause of such a tendency in method A 

during evaporation, a part of BaTi03 is 

When the film is exposed to 
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TABLE 1. 

A B Method 

Substrate I Pt. 1 glass Pt. 1 glass 
- 

I - 

200 

purplish green' purple 300 

dark purple 1 pale brown 
, yel lo~h-- - -  - 1 p a l e g y i i  ,I 
I (TI 0) 

400 1 brown 
($\ 

500 
I I -__ I . .  

._ 

1 
I (S) : smoky (T) : transparent 

a i r ,  BaC03 i s  produced through r e a c t i o n  wi th  t h e  C 0 2  g a s ,  which is  

accompanied by pee l ing  and c racks  on t h e  f i l m ,  which are secondary 

e f f e c t s .  

t o  be one of t h e  causes  of t h e  complicated v a r i a t i o n  i n  c o l o r i n g .  

For bo th  methods, t h e  reduct ion of BaTiOg  and T i 0 2  is  assumed 

Observing t h e  appearance of t h e  f i l m  s u r f a c e  wi th  a microscope, i n  

t h e  case of method A wi th  g l a s s  and platinum s u b s t r a t e s ,  we can see 

t h e  c i r c u l a r  o r  s p i r a l  p a t t e r n  a s  shown i n  F igu re  6 ( a ) ,  (b).  On t h e  

o t h e r  hand, i n  t h e  case of method A w i t h  q u a r t z  g l a s s  s u b s t r a t e s  and 

i n  the case of method B y  w i t h  t h r e e  k inds  of s u b s t r a t e  ( g l a s s ,  plat inum 

and q u a r t z  g l a s s ) ,  t h i s  p a t t e r n  cannot be seen.  Almost s t r a i g h t  c r acks  

are seen [F igure  6 (c) - ( f ) ] .  I n  t h e  case of method A ,  t h e  s t r i p e -  

p a t t e r n  on t h e  f i l m  s u r f a c e  breaks up as t i m e  passes,andunevenness 

appea r s  on t h e  p a r t  which w a s  smooth i n i t i a l l y  (F igu re  7 ) .  I n  t h e  /313 

case of method B ,  however, such a time-dependent v a r i a t i o n  is  n o t  found. 

I n  t h e  l a t e r  experiment,  even i n  method A, comparatively s t a b l e  f i l m s  

were ob ta ined ,  i f  t h e  tungs t en  hea te r  power w a s  increased,and t h e  material 

w a s  evaporated i n  a s h o r t e r  t i m e .  I t  fo l lows  from t h i s  t h a t  t h e  e f f e c t  

9 
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Figure 6 

Photomicrograph of Evaporated BaTi03 Films 

Method (Hereafter Abbreviated as M.) 
Substrate (as S.) 

Substrate Temperature (as S.T) 
Baking Temperature (as B.T) 
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(a) S : Pt 

(b) S : glass 

(c) S : quartz 

Figure 7 

The Change of Sur face  Appearance of t h e  Films Evaporated 
on t o  Three D i f f e r e n t  Subs t r a t e s .  The L e f t  Column 

Shows t h e  S t a t e s  J u s t  A f t e r  t h e  Evaporation 

i n  t h e  Atmosphere. 
and t h e  Right One Those A f t e r  a Month 

of t h e  evaporat ion rate on t h e  f i l m  p r o p e r t i e s  is  cons ide rab le .  

A s  t h e  baking temperature  is increased i n  a i r ,  t h e  c o l o r  of t h e  f i l m  

s u r f a c e  changes g radua l ly .  A t  5000 C ,  it becomes almost wh i t e  o r  p a l e  

yel low,  and above i t  t h e r e  i s  no g rea t  change i n  t h e  c o l o r .  

1,200° C,  i t  becomes almost p a l e  yellow o r  g r a y i s h  yellow. 

t empera tu re  i s  f u r t h e r  i n c r e a s e d ,  cracks and p e e l i n g  o f t e n  appear on t h e  

f i l m  s u r f a c e .  

baked a t  1,200° C [F igu re  6 ( g ) ] .  

A t  l , O O O o  - 

A s  t h e  baking 

The g r a i n  s i z e  is seen t o  become l a r g e r  when t h e  f i l m  is  

11 



3.2 X-ray Observations 

The same samples, which were used for the optical microscope 

measurement, were observed by X-rays. 

tion meter at room temperature. 

They were measured with a diffrac- 

The measuring conditions were as follows: 

Target Material: Cu Filter Material: Ni 

Voltage : 35 KV Current : 15mA 

Scanning Speed: 1°/min 

The diffraction angle, 28 is observed between loo and 50°, within 

which the diffraction intensity of BaTi03 is strong. 

for (loo), (110), (111) and (200) orientations are included within this 

angle range. The change in the diffraction intensity with the 

advancement of recrystallization is measured at a diffraction line, 

28 = 31.60 or the (110) direction. Around this angle, there are many 

lines such as BaTi03 in a cubic crystal; 

31.3O for BaTi307; 30.050 for BaTi4Og; and 29.750 for BaTi205. Therefore, 

it is difficult to separate them from each other. However, it is reasonable 

to take the line of 28 = 31.6O as a reference line, because the line of 

28 = 31.6O is always accompanied by the lines of 28 = 22O ( l o o ) ,  38.9O (lll), 
and 45.35O (200) in the cubic BaTi03 crystal. 

diffraction lines are seen at 28 = 39.7O and 46.3O. 

be due to the large crystal grains of the platinum plate used as a substrate. 

The diffraction lines 

/314 

28 = 31.3O for hexagonal BaTi03; 

Sometimes rather sharp 

They are assumed to 

First of all, some parts of the diffraction spectrum for the samples 

with the platinum substrate are shown. 

by method A ,  in which the substrate temperature is 200° C and no heat 

treatment is applied after the vacuum evaporation, is shown in Figure 8. 

The evaporated film seems to be amorphous,and the BaTi03 crystal is not 

The spectrum of a sample treated 

12 



\'b315 Figure 9 - Figure 8 
X-ray Diffraction Pattern of 

Evaporated BaTiO Film 
X-ray Diffraction Pattern 

M: A S: Pt M: B S: Pt 
S.T: 200OC Untreated S.T: 2OO0C Un t r eat ed 

Figure 10 
X-ray Diffraction Pattern 

M: A s: Pt 
S.T: 2OO0C B.T: 5OOOC 

Figure 11 
X-ray Diffraction Pattern 

M: B s: Pt 
S.T: 2OO0C B.T: 5OO0C 

observed on the pattern. Only one line, which may correspond to a BaC03 

crystal, can be observed. In the case of method B, shown in Figure 9 ,  neither 

the BaTi03 crystal nor the BaC03 crystal can be observed. This is different 

from method A. 

When the samples are heat-treated at 500' C y  the diffraction pattern 

of BaTi03 can be observed. This is shown in Figures 10 and 11. The sample 

13 



Figure 12 

X-ray Diffraction Pattern 

M: A s: Pt 
S.T: 2OOOC B.T: 7OOOC 

, .  
I' 

i !  

Figure 13 

X-ray Diffraction Pattern 

M: B s: Pt 
S.T: 2OO0C B.T: 7OOOC 

obtained by method A has a less intense and broadened diffraction line for 

BaTi03, as compared to the sample obtained by method B. By increasing the 

treatment temperature, the patterns become clear and the difference between 

these methods is barely apparent. This is shown from Figures 12 to 15. By 

increasing the substrate temperature to 300° C and 400° Cy the results are 

almost the same as the case of 200° C. 

ture, there is a difference between method A and B y  which is shown in 

Figure 16 and Figure 17. In method A ,  the same pattern that is obtained 

with a low substrate temperature is measured,but the method B sample shows 

the clear diffraction line of the BaTi03 crystal before the heat treatment. 

However, at 5000 C substrate tempera- 

W h e  crystal growth by heat treatment after evaporation,for all the 

samples take place in the same way as for the samples with low substrate 

temperature. 

is compared in Figures 18 - 21, for the method A and B, for various substrate 

temperatures. 

The change in the diffraction pattern by the heat treatment 

When a quartz plate is used as a substrate, the diffraction line of 

14 



Figure 14 
X-ray Diffraction Pattern 

M: A s: Pt 
S.T: 2OO0C B.T: 120OoC 

Figure 15 

X-ray Diffraction Pattern 

M: B s: Pt 
S.T: 2OO0C B.T: 120OoC 

the BaTi03 crystal is not observed by both methods with a 500° C substrate 

temperature, but it appears with a sample treated at 800° C. Namely, in 

the case of the quartz substrate, the crystallization temperature is 

shifted to higher temperatures, as compared to the case of the platinum 

substrate. Moreover, at the l,OOOo C and 1,200° C treatment temperature, 

due to the diffraction pattern, it is speculated that a compound between 

BaTi03 and Si02, as well as BaTi03, is produced. 

We shall now consider the size of single crystal grains. This size 

can be calculated by the width of the diffraction line, by using Scherrer's 

equation which is: 

KA D =  B COS e 
D: Size of Crystal Grain 

K: Dimensional Factor 

B :  Spread of the Diffraction Line Width 
due to the Crystal Size 

15 



I 

Figure 16 

X-ray Diffraction Pattern 
M: A s: Pt 
S.T: 5OOOC Untreated 

I . ( " 4  

Figure 17 

X-ray Diffraction Pattern 

M: B S: Pt 
S.T: 5OO0C Untreated 

Here, K = 0.9 and A = 1.542 1 are used on the assumption that the /?I6 

The value of 
0 

platinum particles are larger than 1,000 A. is calculated 

with the diffraction line of platinum and also with the diffraction line 

of BaTi03, corresponding to 28 = 31.6O, approximately. The relation 

between the crystal size and the temperature of the heat treatment is 

shown in Figure 22. The A and B methods are compared at the substrate 

temperature of 400° C.  The crystals grow with an increase in the treat- 

ment temperature, and there is a difference between both methods. This 

is more remarkable at low temperatures. For example, a result obtained 

by the B method at 5000 C corresponds to that of 700' C by the A method, 

and no difference is seen at 1,2000 C for both methods. In the case 

when the substrate temperature is 5000 C (not in the figure) using the 

B method, the width of the diffraction line, which appears in the untreated 

samples, does not change by the heat treatment of the sample in air 

below 500° C. 

16 



S.T : 200°C 
M : A  B.T. ‘C M : B  

S.T : 3OO0C 
M : A  B.T “C M : B  

Figure 18 Figure 19 \ -b317 
The X-ray Diffraction Pattern of X-ray Diffraction Pattern 
BaTi02 Films Evaporated by 

Two Methods 

There are some substances as well as BaTi03 in the diffraction patterns. 

BaW04 is a possibility, but it was not confirmed in our experiments. 

existence of hexagonal BaTi03, BaTiOg, BaTi307, BaTi4Og and Ba2TiO4 was 

also not revealed. 

The 

(002) and (200) in the cubic crystal around 28 = 45O 

were not separated clearly. 

3.3 Optical Density 

A stable film can be obtained by method A with a large-capacity, 

evaporation source heater, which makes the evaporation speed high. There- 

fore, the samples produced by method A (a temperature increase in 5 seconds 

to 2.200° C) are used in the following measurements. 
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Figure 20 Figure 21 
X-ray Diffraction Pattern X-ray Diffraction Pattern 

The samples are made on the glass substrate with temperatures of 100, 

300 and 500° C, and they are measured in the untreated condition. 

are next heated at 3000 and 500° C in an oxygen atmosphere, and again 

optically measured. 

length ranges from 300 mp 

for a sample with the substrate temperature of.500° C is shown in Figure 23. 

There is no great difference between the untreated and the treated one at 

3000 C, but the treatment at 500° C makes the optical density fairly low. 

Almost the same results are obtained for samples whose substrate tempera- 

tures are 3000 C and looo C. 

green purple (a lighter shade depends on the heat treatment) to a yellowish 

They 

The film thickness is about 1 p. The measured wave 

to 2.5 p. The change in the optical density 

The color of the film is changed from dark 
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Variation of the Optical Density 
with Wave Length 

transparent color, and the absorption edge becomes clear. 

3.4 Electrical Resistance 

Electrical conductivity of BaTi03 becomes great by reduction, and /318 

a semiconducting nature appears. Au, Ag, AR are evaporated as electrodes 

on the films, and D. C. electrical resistances along the surface of the films 

are measured at temperatures between -170O C and 200° C. 

materials are glass, mica and alumina ceramic. 

The substrate 

Resistances are small for samples with low substrate temperatures, and 

the difference in resistance between samples, whose substrate temperatures 

are 200° C and 500° C, is almost three decades. 

A result derived from the resistance measurement with a polished alumina 

ceramic as substrate is shown in Figure 24. The substrate temperature is 

19 



10' 

rn 
10 

z 
c: 
2 104 
u 

a *. a 
.4 
a e 

5 10% 
P 
4 0 

10' 

I lbo d -lob .C I 
mbstrate ----A1102 o e m l c e  
subs trare temp .-- 7W.C 
thlckneem----1.2 A 

Figure  24 

Temperature Dependence of t h e  
S p e c i f i c  Res i s t ance  

200 0 -100 ' C  

11. 1 

700° C ,  t h e  f i l m  t h i c k n e s s  is 1 . 2  1.1. 

s u c c e s s f u l l y ,  and w a s  measured from -170O C t o  200° C .  Heat t r ea tmen t s  i n  

The same sample w a s  h e a t  t r e a t e d  

a i r  and oxygen a f t e r  evaporat ion make t h e i r  r e s i s t a n c e  high.  When a sample 

i s  hea ted  a t  300' C i n  oxygen, its r e s i s t a n c e  i n c r e a s e s ,  b u t  t h e  r e s i s t a n c e  

a g a i n  d e c r e a s e s  when heated a t  500' C i n  a vacuum. No unusual phenomenon 

can b e  observed a t  about 120° C .  The r easons  f o r  t h e  r e s i s t a n c e  i n c r e a s e  

by t h e  h e a t  t r ea tmen t  are as fol lows:  

(1)  

(2)  C r y s t a l l i z a t i o n ;  

(3) Cracking of t h e  f i l m .  

The cracking e f f e c t  may b e  discarded due t o  t h e  f a c t  t h a t  t h e  r educ t ion  

Oxidat ion of t h e  evaporated f i l m ;  

20 



of the film surface again decreases its resistance and that an electron- 

microscope observation shows no cracking. 

the reason. 

the electrical characteristic is under consideration. 

Film oxidation is most probably 

A correlation between the optical property stated above and 

The dependence of the resistance upon film thickness showed no good 

results, because the experiment could not be well reproduced. 

Some of the high-resistance samples showed non-linear resistance /319 

over the applied voltage range. 

substrate temperature is 300° C,and the film thickness is about 1 p-is 

shown in Figure 25. In this sample, the V-I characteristic shows that the 

current is proportional to the 4th - 5th power of voltage in the range 
from 1V to 40V. However, the reproducibility is not good. 

An example-whose substrate is mica, the 

A solid solution consisting of SrTi03 and BaTi03 is tested. Sr 

concentration is increased from 2% up to 20%, but no significant influence 

on its nature is observed. 

3.5 Dielectric Constant 

After the evaporation, the films always have low resistance, regardless 

of the substrate temperature. The evaporated samples are heat-treated in 

oxygen or air in order to measure the dielectric constant. 

A film is evaporated from a BaTi03 crystal onto a platinum substrate 

The 

A capacitance value of 4,000 pf is obtained 

at 1,200° C substrate temperature, and is heated in air at 1,200° C. 

film thickness is about 2 1.1. 

at room temperature with an evaporated AR electrode whose diameter is 

1 lml 0. 

BaTi03 is easily obtained in hexagonal crystal form when heated in a 
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reducing atmosphere. 

the cubic crystal takes place very slowly. The produced hexagonal crystal 

remains in a quasi-stable phase at room temperature. This crystal is not 

only a ferroelectric, but also prevents the film from showing ferroelectric 

properties. 

was tried by using Sr. This is effective against the hexagonal crystal, but 

the oxidation process is still required, because of low resistance. A series 

of experiments was conducted by changing the Sr content, the substrate tem- 

perature, the treatment temperature, and the treatment time. Some of the samples 

can not be measured because of the film cracking and pin-holes. E-T curves 

are shown in Figure 26 for some good samples. Temperatures at peaks in curves 

The transition reaction from the hexagonal crystal to 

One method of preventing the formation of the hexagonal crystals 

1 and 4 are shifted to lower temperatures, as compared to those of the original 

crystal, and the peaks themselves become broadened. It is assumed that they 

correspond to the Curie points. In curve 1, two peaks can be seen in the 

dielectric constant, which suggest two transitions in the low temperature 

region. 

tan 6 is about 10% for the samples with large dielectric constant. 

Blocking voltage is more than 50 KV/cm. 

The obvious Curie point is not observed for the other samples. The 

reasons for the broad peaks in the E-T characteristic are: 

(1) 

(2) Small crystal particles; 

(3)  Imperfections in the crystal; 

( 4 )  Impurity. 

The samples treated at low temperature have small E and have no change 

It is measured under a high electric field; 

in E with temperature, as curve 5 in the figure shows. This can be caused 
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Figure 26 

Temperature Dependence of the Dielectric Constant of (Ba-Sr) Ti03 Films 

Thick- 
Sr. % ness S.T. B.T. Time Freq . E. 
1: 5 2.4 p 5OOOC 120OOC 2 hr. 30Kc 8.3KV/cm 
2:20 2.3 1200 1200 1 10 8.7 
3: 0 2.7 700 1200 4 10 7.5 
4 :  2 3 300 1200 0.5 10 7 
5: 0 2.7 300 1000 2 10 7.5 

by insufficient oxidation and the hexagonal crystal. 

Hysteresis curves for the sample of curve 1 are shown in Figure 27. 

In addition, electron micrographs of BaTi03 films, obtained with /320 

platinum substrate at 1000° C and with glass substrate at 500' Cy respectively, 

are shown in Figure 28. 

4 .  Discussion and Problems 

First of all, let us consider the result obtained from X-ray diffrac- 

tion for the evaporated films on the platinum substrates. The following 

abbreviations are used for purposes of convenience. 

substrate temperature during the evaporation; B.T - the baking temperature 

S.T stands for the 

in air after evaporation. 
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Hysteresis Loop of the Evaporated 
(BaeSr) Ti03 Films at 50 c/s; 
the Maximum Applied Field is 

l7kv/cm 

substrate temp : 5OWC 

substrate temp : 100ooC 

Figure 28 

Electron Micrographs of the 
Evaporated BaTi03 Films 
(The Pictures are Taken by 

M. Shibata.) 

When BaTi03 powder is evaporated, the heat treatment has to be done during 

or after evaporation for both method A and method B, in order to form the 

BaTi03 crystals. 

line intensity between the sample treated at 3000 C and 5000 C of the B. 

No experimental point lies in between them, but it is speculated from the 

experiment on substrate temperature that there is a temperature at which the 

crystal grows, which can be detected by X-rays, between 4000 C and 5000 C .  

Clear 

In both methods, there is a great difference in diffraction 

T. 

The shape of the diffraction line is also affected by the S.T. 

lines are observed for the S.T. at 500' C ,  but they are hardly distinguished 

for the S.T. below 400° C. On the basis of these results, it is assumed that 
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a temperature of 500' C is of critical importance for crystal formation. 

This is not a final conclusion, however, because of insufficient experimental 

conditions. It is also interesting to note that the crystal condition, 

with the S.T. at 5000 C y  and the condition - with the S.T. below 500° C 

followed by the B.T. at 500° C - show the same structure by X-ray observa- 

tion. According to a report by Verda (Ref. 6), crystallization progresses 

at a lower S.T. for a rocksalt substrate. This fact shows that not only 

the substrate temperature, but also the substrate material have an effect 

on crystallization. 

The difference between the crystal size formed by the heat treatment, 

using method A and B, is shown in Figure 22. This difference is more 

pronounced when the B.T. is lower. A treatment at 500° C using method B 

corresponds to that at 700° C using method A. 

small above 700' C y  and disappears at 1,200' C. 

The difference becomes 

A composite oxide, such as BaTi03, is assumed to be evaporated by a 

very complex process, which differs from the evaporation of metals, alloys 

and compounds, whose vapor pressures are nearly the same. Is it possible 

that separate molecules in the form of BaTi03 are present during the evapora- 

tion without decomposition? If it once decomposes and vaporizes, the possible 

combinations are BaO, Ti0 and a low grade oxide of Ti. Since they have 

various vapor pressures, the film composition on the substrate changes as a 

function of time. I321 

possible. 

BaTi03, should be avoided. The reason that BaTi03 crystallization is easier 

by method B than by method A, is due to the fact that the composition of the 

substance on the substrate is almost stoichiometric, and is not changed by 

In general, the form of Barn Tin %+(2n-x) is 

Barn Tin %+2n, which is not a strong dielectric, except for 
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t h e  evaporat ion t i m e ,  because of 

experiment,  r a t h e r  s m a l l  amounts 

t h e  high evaporat ion speed. 

of the c r y s t a l  were evaporated once, t h e  

I n  ou r  

same procedure had t o  be r epea ted  f i v e  t i m e s  f o r  a f i l m  of 1p t h i ckness .  

I n  method A ,  t h e  evaporat ion speed depends on 

t h e  sou rce  h e a t e r  and on h e a t e r  temperature.  

method A becomes p r a c t i c a l l y  t h e  same as method B. 

3, a s t a b l e  f i l m  w a s  obtained by method A ,  us ing  a l a r g e  h e a t e r  c a p a c i t y .  

This  can b e  explained by t h e  reasons noted above. 

t h e  amount of c r y s t a l  on 

A t  h igh  evapora t ion  speed, 

A s  desc r ibed  i n  s e c t i o n  

I n  t h i s  connect ion,  t h e  following method is  proposed. Two evaporat ion 

sources  - one f o r  BaO, and ano the r  f o r  Ti02 - are arranged,  and each evapora- 

t i o n  speed i s  c o n t r o l l e d  independently.  This can change t h e  composition 

and may be u s e f u l  i n  a s tudy  of t h e  evaporat ion mechanism. 

The d i f f r a c t i o n  l i n e s  around 29=450 i n  t h e  d i f f r a c t i o n  p a t t e r n  s p l i t  

i n t o  two l i n e s ,  which are t h e  (002) and (200) ones i n  t h e  cub ic  c r y s t a l ,  

f o r  material i n  a n a t u r a l  form. For t h e  evaporated f i l m s ,  on t h e  o t h e r  

hand, no obvious s p l i t t i n g  can be observed. There may b e  a l i m i t  t o  t h e  

X-ray d i f f r a c t i o n  measurement a t  a f i l m  th i ckness  of about  lv. Under any 

evapora t ing  cond i t ion ,  t h e  evaporated f i l m s  show semiconductor-l ike e lec t r ica l  

c o n d u c t i v i t y ,  and t h e  r e s i s t a n c e  decreases  by i n c r e a s i n g  t h e  S.T., and i n c r e a s e s  

w i t h  h i g h e r  B.T. 

The d i e l e c t r i c  c o n s t a n t  i s  s m a l l  f o r  t h e  samples w i t h  low B.T., and 

becomes l a r g e  as t h e  B.T. i n c r e a s e s .  The d i e l e c t r i c  c o n s t a n t  f o r  curve 1 

i n  F i g u r e  26 i s  about t h e  same as with t h a t  of BaTiOg ceramic. 

p r o p e r t i e s  which are d i f f e r e n t ,  as compared t o  t h e  bu lk  p r o p e r t i e s ,  c o n s i s t  

of t h e  f a c t  t h a t  t h e r e  i s  no clear Curie p o i n t  and t h e  peaks i n  t h e  d i e l e c t r i c  

But t h e  
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constant are broad and low. 

or without Sr, moves to a lower temperature than that of the original 

material. In the general case, for ceramics the Curie point moves, 

depending on the original material and a small amount of impurities. 

reasons that the evaporation films have different properties from those 

of the bulk material are probably: oxygen defects, lattice imperfection, 

crystal imperfection such as the mixing of micro-size crystals (Ref. 9-12), 

the mixing of the hexagonal crystals, etc. 

The Curie point of the evaporated films with 

The 

These factors are closely related to each other, and several of them 

are discussed here. First, let us consider insufficient oxygen. Ti oxides 

can generally be readily reduced in a vacuum, and BaTi03 is not an exception. 

Even in a single crystal, the decrease in electrical resistance, when 

heated in a vacuum, has been reported (Ref. 13). This phenomenon is 

intensified for the vacuum-evaporated substance, and low resistance films 

result. BaTi03 has a tendency to form a hexagonal crystal due to lack of 

oxygen. This provides a secondary source for the defects. To avoid this, 

some suitable material should be added to control the atomic valences, or 

the samples should be heat treated in an oxygen atmosphere after evaporation. 

The heat treatment has an upper temperature limit because of the substrate 

used. The problems, therefore, are how to lower the treatment temperature 

and what kind of treatment should be used in order to obtain the same 

properties as those of the bulk material. 

The addition of Sr was found to be effective in avoiding the formation 

of hexagonal crystals. 

A s  for the question of the crystal size, the Ps of films i s  0 . 5 ~  coul/cm2, 

according to Feldman. In our experiments, it can be said that Ps is very 
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small as compared t o  t h e  va lue  of 26 u coul/cm2, f o r  t h e  BaTi03 s i n g l e  

c r y s t a l .  

f i l m  a few microns t h i c k ,  t h e  d i e l e c t r i c  h y s t e r e s i s  changes cons ide rab ly  

(Ref. 14 ) .  I n  ceramics, t h e i r  d i e l e c t r i c  p rope r ty  changes s l i g h t l y  as t h e  

c r y s t a l  s i z e  becomes s m a l l .  It is  necessary t o  determine whether t h e  c r y s t a l  

should have a three-dimensional s i z e  l a r g e r  t han  a c r i t i c a l  v a l u e ,  i n  o r d e r  

t o  have t h e  normal and f e r r o e l e c t r i c  p r o p e r t i e s .  This  de t e rmina t ion  w i l l  

g i v e  a minimum t h i c k n e s s  f o r  s t r o n g  d i e l e c t r i c  f i l m s .  

I m p u r i t i e s  are a l s o  a p o s s i b l e  r eason ,  b u t  even i n  a s i n g l e  c r y s t a l  

A s  one approach toward so lv ing  the problem, BaTi03, (Ba-Sr)Ti03 and 

t h e  ceramics powder are melted i n  a vacuum and oxidized i n  a i r .  

change i n  t h e  c r y s t a l  s t r u c t u r e  and i n  t h e  e lec t r ica l  c h a r a c t e r i s t i c s  i s  

The 

being examined a t  p r e s e n t .  

P o s s i b l e  i m p u r i t i e s ,  such as those due t o  t h e  evaporat ion h e a t e r  

i t s e l f  and an  agent  which i s  r e a c t i v e  t o  t h e  o r i g i n a l  c r y s t a l  - f o r  example, 

BaW04 - should n o t  b e  introduced.  

some s u i t a b l e  material. 

Therefore ,  t h e  h e a t e r  must b e  coated by 

Many problems remain, such as: t h e  proper  cho ice  of t h e  s u b s t r a t e  

material w i t h  r e s p e c t  t o  e p i t a x y  cond i t ion  and thermal expansion, t h e  

evapora t ion  speed, t h e  degree of t h e  vacuum, t h e  atmosphere, t h e  e f f e c t  of 

t h e  e lec t r ic  f i e l d  during t h e  evaporat ion,  and more p r a c t i c a l  parameters  - 

such as t h e  evaporat ing cond i t ion ,  pinholes ,  cracking,  p e e l i n g ,  t h e  h e a t  

t r e a t m e n t ,  t h e  e l e c t r o d e  material, t i m e  d e t e r i o r a t i o n ,  t h e  u s e  of a n  e l e c t r o n  

beam f o r  t h e  evapora t ion ,  e t c .  

5. Conclusion 

For t h e  BaTi03 f i l m  made by the vacuum evaporat ion technique,  t h e  

manner i n  which t h e  evapora t ion  method, t h e  s u b s t r a t e  material, temperature ,  

28 



and heat treatment affect the BaTi03 crystal formation was shown. 

electrical resistance and the dielectric constant were measured, and future 

problems were discussed. 

The 

With the platinum substrate, the diffraction lines for the BaTi03 /322 

crystal were not observed when the substrate temperature and the treatment 

temperature were maintained below 400' C. 

with increasing temperatures. 

The crystallization proceeds 

After the evaporation, the resistance and the dielectric constant are 

low, regardless of the substrate temperature, and they become higher as 

the treatment temperature in air is increased. 

The (Ba0.95 Sr0,05)TiO3 film (obtained under conditions such as: 

platinum substrate, 500° C substrate temperature, 1,200° C treatment 

temperature, 2 hours of treatment time) results in the value of 1,500 

for the eielectric constant, and shows three abnormal dielectric constants 

at looo C, Oo C and -80 C. 

This experiment will be useful as a preliminary study for research on 

evaporated oxide films. 

The authors are indebted to Dr. Hisao Hirabayashi and Dr. Shigeru Waku, 

Electrical Communication Laboratory, for their kind guidance and advice, and 

to Dr. Shinichi Niizeki, for his instruction on the X-ray measurement, and 

also to Mr. Masayuki Itakura and Mr. Shoji Shibata for their help in the 

experiments. 
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